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Cellular/Molecular

Phosphorylation of Sodium Channel Na_1.8 by p38 Mitogen-
Activated Protein Kinase Increases Current Density in Dorsal
Root Ganglion Neurons

Andy Hudmon,"?? Jin-Sung Choi,">? Lynda Tyrrell,"> Joel A. Black,">* Anthony M. Rush,!>3 Stephen G. Waxman, >3
and Sulayman D. Dib-Hajj'-»?

'Department of Neurology and 2Center for Neuroscience and Regeneration Research, Yale University School of Medicine, New Haven, Connecticut 06510,
and *Rehabilitation Research Center, Veterans Affairs Connecticut Healthcare System, West Haven, Connecticut 06516

The sensory neuron-specific sodium channel Na, 1.8 and p38 mitogen-activated protein kinase are potential therapeutic targets within
nociceptive dorsal root ganglion (DRG) neurons in inflammatory, and possibly neuropathic, pain. Na,1.8 channels within nociceptive
DRG neurons contribute most of the inward current underlying the depolarizing phase of action potentials. Nerve injury and inflamma-
tion of peripheral tissues cause p38 activation in DRG neurons, a process that may contribute to nociceptive neuron hyperexcitability,
which is associated with pain. However, how substrates of activated p38 contribute to DRG neuron hyperexcitability is currently not well
understood. We report here, for the first time, that Na, 1.8 and p38 are colocalized in DRG neurons, that Na, 1.8 within DRG neurons is a
substrate for p38, and that direct phosphorylation of the Na, 1.8 channel by p38 regulates its function in these neurons. We show that
direct phosphorylation of Na, 1.8 at two p38 phospho-acceptor serine residues on the L11loop (S551 and $556) causes an increase in Na, 1.8
current density that is not accompanied by changes in gating properties of the channel. Our study suggests a mechanism by which
activated p38 contributes to inflammatory, and possibly neuropathic, pain through a p38-mediated increase of Na, 1.8 current density.
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Introduction

Although the molecular pathophysiology of inflammatory and
neuropathic pain is not fully understood, it is known that tissue
injury and nerve injury cause the release of pronociceptive cyto-
kines and growth factors, and alter ion conductances, leading to
sensitization and hyperexcitability of nociceptive neurons. For
example, tumor necrosis factor o (TNF-a), a major pronocicep-
tive cytokine (McMahon et al., 2005; Myers et al., 2006), can
modulate nociceptor firing directly via TNF-« receptors or indi-
rectly by inducing the production of other pronociceptive factors
including neurotrophic growth factor (NGF) (McMahon et al.,
2005; Pezet and McMahon, 2006). Pronociceptive cytokines ac-
tivate downstream signaling pathways including p38 mitogen-
activated protein kinase (MAPK), a process that has been impli-
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cated in inducing hyperexcitability of injured dorsal root
ganglion (DRG) neurons (Schafers et al., 2003; Obata et al.,
2004a). In fact, acute application of TNF-a to these neurons in
culture increases the tetrodotoxin-resistant (TTX-R) current
density in a p38-dependent manner (Jin and Gereau, 2006).
These results suggest that Na, 1.8 current density may be regu-
lated by activated p38, but do not answer the question of whether
the Na, 1.8 channel is a substrate for direct phosphorylation by
the activated p38 MAPK enzyme, or whether phosphorylation of
the channel is necessary for the increase in current density.

The voltage-gated sodium channel Na, 1.8 produces a slowly
inactivating TTX-R current and is preferentially expressed in
DRG and trigeminal ganglion neurons (Akopian et al., 1996;
Sangameswaran et al.,, 1996), most of which are nociceptive
(Djouhri et al., 2003), and thus is a likely target for injury-
induced p38 MAPK modulation. Indeed, Na,1.8-null mice show
a delayed response to carrageenan-evoked (Akopian et al., 1999)
and attenuated NGF-evoked (Kerr et al., 2001) thermal hyperal-
gesia, and reduced visceral pain responses to capsaicin or acetyl-
choline (Laird et al., 2002). Acute application of inflammatory
mediators on cultured DRG neurons increases the TTX-R cur-
rent attributable to Na, 1.8 (Gold et al., 1996; Zhang et al., 2002).
Additionally, knockdown of Na, 1.8 (Khasar et al., 1998; Gold et
al., 2003; Joshi et al., 2006; Dong et al., 2007) and an isoform-
specific small molecule blocker of this channel (Jarvis et al., 2007)
have been shown to ameliorate both inflammatory and neuro-
pathic pain symptoms. Because Na,1.8 contributes most of the
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inward current underlying the depolarizing phase of action po-
tentials (Renganathan et al., 2001; Blair and Bean, 2002) and
significantly influences neuronal excitability (Rush et al., 2006),
acute as well as long-term regulation of this channel could signif-
icantly impact the excitability of nociceptive neurons after tissue
or nerve injury.

We show here, for the first time, direct evidence that sodium
channel Na, 1.8 colocalizes with, and is a substrate for, p38 within
DRG neurons. Activation of p38 increases Na, 1.8 current density
in DRG neurons without changing the activation or steady-state
inactivation properties of the channel. We demonstrate that the
p38-mediated increase in Na, 1.8 current density in DRG neurons
is dependent on direct phosphorylation on serine residues S551
and S556. Our findings indicate that p38 directly modulates
Na, 1.8 in vivo and provides a potentially rapid mechanism that
can regulate nociceptive neuron excitability after injury.

Materials and Methods

Reagents. Monoclonal pan-sodium channel antibody (K58/35) was pur-
chased from Sigma (St. Louis, MO) and polyclonal anti-Na, 1.8 antibody
(lot AN#1) was purchased from Alomone Labs (Jerusalem, Israel). The
specificity of the Na, 1.8 antibody was tested on Western blots, immuno-
precipitation (IP) assay, and immunofluorescence assays (supplemental
Fig. 1, available at www.jneurosci.org as supplemental material). Rabbit
anti-IgG antibody (Vector Laboratories, Burlingame, CA) was used as a
control for immunoprecipitation. The rabbit polyclonal anti-phospho
p38 MAPK (9211S) was purchased from Cell Signaling Technology
(Danvers, MA) and the mouse monoclonal anti-peripherin antibody was
purchased from Abcam (Cambridge, MA). Secondary antibodies for
Western blot analysis, anti-rabbit IgG and anti-mouse IgG coupled to
HRP, were purchased from DakoCytomation (Carpinteria, CA); second-
ary antibodies used in the immunostaining experiments, goat anti-rabbit
IgG F(ab’), fragment Alexa Fluor 546, goat anti-rabbit IgG F(ab’), frag-
ment Alexa Fluor 488, and goat anti-mouse IgG-Alexa 488 were pur-
chased from Invitrogen (Carlsbad, CA), and goat anti-rabbit IgG-Cy3
was purchased from GE Healthcare Bio-Sciences (Piscataway, NJ). Re-
combinant activated p38a MAPK was purchased from the Roche Protein Ex-
pression group (Roche, Indianapolis, IN). Anisomycin; 4-(4-fluorophenyl)-2-
(4-methylsulfonylphenyl)-5-(4-pyridyl)-1 H-imidazole, HCl (SB203580); and
4-ethyl-2( p-methoxyphenyl)-5-(4'-pyridyl)-1 H-imidazole, 2HCI (SB202474)
were obtained from Calbiochem (La Jolla, CA). The [y-**P]ATP was purchased
from GE Healthcare Bio-Sciences.

Animals. Adult male Sprague Dawley rats (250-300 g) were used ac-
cording to Veterans Administration Connecticut Healthcare System In-
stitutional Animal Care and Use Committee guidelines. For some exper-
iments, rats were deeply anesthetized with ketamine/xylazine (80/10 mg/
kg, i.p.) and complete Freund’s adjuvant (CFA) (100 ul) was injected
into the plantar surface of the right hindpaw. Two days later, rats were
deeply anesthetized and perfused as described below for immunocyto-
chemical investigation.

Plasmids. The plasmid carrying full-length rat Na, 1.8 insert (GenBank
accession no. U53833), pRK-Na,1.8, was a gift from Dr. John Wood
(University College London, London, UK). DNA inserts encoding the N
and C termini, and the loops joining domains I and I (L1), domains IT
and IIT (L2), and domains III and IV (L3) were amplified by PCR using
the Na, 1.8 plasmid as a template and were subcloned into the Ndel and
BamH]1 sites of pET15B. The plasmids are designated pET-Na,1.8-N
(amino acids 1-125), pET-Na,1.8-L1 (amino acids 400-659), pET-
Na,1.8-L2 (amino acids 890-1151), pET-Na, 1.8-L3 (amino acids 1420—
1472), and pET-Na,1.8-C (amino acids 1724-1956). The truncated de-
rivative of pET-Na,1.8-L1 was designated as pET-Na,1.8-L1,,,,,. (amino
acids 400-516) and was produced by inserting a stop codon in pET-
Na,1.8-L1. Amino acid substitutions and the internal deletion in L1 (see
Figs. 5, 6) were accomplished using QuikChange XL site-directed mu-
tagenesis reagents (Stratagene, La Jolla, CA). All constructs were con-
firmed by sequencing the inserts (Howard Hughes Medical Institute/
Keck Biotechnology Resource Laboratory at Yale University).
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DRG culture. Adult Sprague Dawley rats (1-2 months of age) were
deeply anesthetized with ketamine/xylazine (80/10 mg/kg, i.p.) and de-
capitated, and L4 and L5 DRG were quickly removed and desheathed in
sterile complete saline solution (CSS) (in mwm: 137 NaCl, 5.3 KCI, 1
MgCl,, 25 p-sorbitol, 3 CaCl,, and 10 HEPES, pH 7.2 adjusted with
NaOH), as described previously (Rizzo et al., 1994). The tissue was then
enzymatically digested at 37°C for 25 min with collagenase A (1 mg/ml;
Roche) in CSS and for 25 min with collagenase D (1 mg/ml; Roche) and
papain (30 U/ml; Worthington, Lakewood, NJ) in CSS at 37°C. Treated
tissues were gently centrifuged (100 X g for 3 min), and the pellets were
triturated in DRG media (1:1 DMEM/F12, 10% FCS, 100 U/ml penicil-
lin, and 0.1 mg/ml streptomycin) containing 1.5 mg/ml BSA (fraction V;
Sigma) and 1.5 mg/ml trypsin inhibitor (Sigma). Cells were then plated
on poly-L-ornithine-laminin-coated glass coverslips, flooded with DRG
media after 1 h, and incubated at 37°C in a humidified 95% air-5% CO,
incubator.

Immunohistochemistry. Rats injected with CFA in the right hindpaw to
induce inflammation were killed 2 d later to study the effect on
inflammation-induced activation of p38. Rats were deeply anesthetized
with ketamine/xylazine (80/10 mg/kg, i.p.) and perfused with 4% para-
formaldehyde in 0.14 M Sorensen’s phosphate buffer, pH 7.4. L4 and L5
DRGs were harvested, rinsed in PBS, and cryoprotected overnightin 30%
sucrose in PBS. Cryosections were incubated with polyclonal antibody
against phosphorylated p38 (1:1000; Cell Signaling Technology) and
monoclonal antibody against peripherin (1:1000). Secondary antibodies
were goat anti-rabbit Cy3 and goat anti-mouse-Alexa Fluor 488 (1:1000).

For Na, 1.8 and p38 colocalization, anisomycin-treated DRG cultures
and DRG tissue sections were incubated sequentially in the following: (1)
blocking solution (PBS with 5% normal goat serum, 1% bovine serum
albumin, 0.1% Triton X-100, and 0.02% sodium azide) for 30 min, (2)
anti-phosphorylated p38, (3) PBS wash, (4) goat anti-rabbit IgG F(ab’),
fragment Alexa Fluor 488 or 546, (5) PBS wash, (6) anti-Na, 1.8, (7) PBS
wash, (8) goat anti-rabbit IgG F(ab’), fragment Alexa Fluor 546 or 488,
and (9) PBS wash. Control experiments in which the second primary
antibody was omitted, with sequential first and second secondary anti-
body incubations, only exhibited the fluorochrome of the first secondary
antibody, confirming the specificity of the immunostaining signal.

Sections were examined with a Nikon (Tokyo, Japan) PCM 2000 con-
focal microscope or Nikon E800 light microscope. Images were collected
with SimplePCI (C-Imaging Systems, Cranberry Township, PA) or
Meta-Vue (Molecular Devices, Downington, PA) software, and were ar-
ranged with Adobe (San Jose, CA) Photoshop.

Na, 1.8 channel phosphorylation by p38. Using a protocol for immuno-
precipitation of Na, 1.8 channels from DRG neurons (Choi et al., 2006),
lumbar (L2-L6) DRGs from two young adult male Sprague Dawley rats
(250-275 g) were homogenized in 0.5 ml of buffer (200 mm NaCl, 20 mm
Tris, pH 7.4), 1% Triton X-100, and Complete protease inhibitor mix-
ture containing 1 mm EDTA (Roche). Triton X-100-soluble proteins
were collected after centrifugation for 20 min at 15,000 X g at 4°C and
precleared using protein A-agarose (Upstate, Lake Placid, NY). The
cleared DRG lysate was incubated with 2 ug of Na, 1.8-specific polyclonal
antibody (Alomone Labs) for 2-3 h at 4°C before addition of protein
A-agarose for an additional 1.5 h at 4°C. The beads were washed exten-
sively in binding buffer and incubated with activated p38 as described
below.

Purification of 6 X His-tagged fusion proteins. Purification of 6XHis-
tagged fusion proteins was described previously (Choi et al., 2006).
Briefly, BL21-Rossetta cells (Stratagene) were transformed with con-
structs encoding 6 X His fusion proteins of each of the major cytoplasmic
regions of Na,1.8 (N terminus, L1, L2, L3, and C terminus) and grown in
the presence of carbenicillin (100 pg/ml) and chloramphenicol (50 ug/
ml). Large-scale growths were inoculated using an overnight starter cul-
ture (1:100) and grown to an ODgg5 of 0.6 at 37°C in 2XYT media. The
cells were chilled on ice to <10°C and 1 mwm isopropyl B-p-
thiogalactoside was added to the culture, which was then incubated with
shaking for 4 h at 30°C to induce recombinant protein expression. The
bacterial pellets were collected by centrifugation at 6000 X g for 10 min,
washed in ice-cold PBS, and frozen at —80°C.

Frozen bacterial pellets were resuspended in 20 ml of ice-cold lysis
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buffer (10 mm Tris, pH 8, 0.1 mm EDTA, 300 mm NaCl) supplemented
with protease inhibitor mixture minus EDTA (Roche) and lysed using a
Microfluidics (Newton, MA) device. Lysed cells were incubated on ice for
45 min in 1% Tween 20, and then sonicated and centrifuged at 10,000 X
g for 20 min. The supernatant was diluted with 5-10 vol of 50 mm phos-
phate buffer, pH 8.0 plus 300 mm NaCl, and applied to nitrilotriacetic
acid-agarose (Invitrogen). Bound proteins were washed in 5 column vol
of phosphate buffer plus 5 mm imidazole and finally in 10 column vol of
25 muM imidazole. Enriched 6 X His-tagged proteins were eluted using 250
mM imidazole in phosphate buffer. Positive fractions were pooled and
concentrated using Amicon Ultra4 5000 molecular weight cutoff con-
centrators (Millipore, Bedford, MA). The proteins were diluted two to
three times in phosphate buffer and reconcentrated in Amicon Ultra4 to
reduce the imidazole in the sample before being stored in phosphate
buffer/10% glycerol at —80°C. Purified fusion proteins were quantified
using Bradford assay (BSA as a standard) and equal protein levels were
visually inspected using Coomassie blue staining. The molecular weights
of the purified proteins are consistent with the predicted size: N termi-
nus, 14 kDa; L1, 27 kDa, L2, 27 kDaj; L3, 6 kDa; C terminus, 24 kDa.

In vitro p38 kinase assays. Phosphorylation assays using immunopre-
cipitation (IP) samples or 6 XHis fusion proteins were performed in 200
and 50 ul reactions, respectively, in 25 mm HEPES, pH 7.4, 2 mm DTT, 10
mM MgCl,, 100 um ATP, and 5 uCi of [y- *?P]ATP. Activated p38 (final
concentration, 1 ng/ul) was added to each reaction tube (30°C) and
allowed to proceed for 2—3 min. For the IP samples, the kinase reactions
were performed as described above in the presence or absence of the
active p38-specific inhibitor (SB203580), and were terminated with 5 vol
(1 ml) of PBS containing 20 mm EDTA. Protein A beads were again
collected by centrifugation and washed three times in PBS plus EDTA to
further reduce the background. Proteins were eluted from the beads
using 2X lithium dodecyl sulfate—-PAGE sample buffer for gel analysis.
The presence of the sodium channel was verified by Western analysis
using the pan-sodium channel antibody, and the phosphorylated chan-
nels were detected via autoradiography. Phosphorylation of bacterially
expressed fusion proteins was performed as described above for fusion
proteins immobilized on beads, or on purified samples as described pre-
viously using Cerenkov counting in a scintillation counter (Wittmack et
al., 2005). Similar results were obtained for all kinase assays on soluble or
bead-immobilized proteins using different preparations of IP samples
and 6 X His fusion proteins.

Western blotting and autoradiography. The IP proteins were separated
on NUPAGE Bis-Tris 4-12% gels (Invitrogen) using a 3-(N-
morpholino)propanesulfonic acid-based buffer system; the fusion pro-
tein samples were processed on 12% gels using MES as the running buffer
(Invitrogen). Western blotting for native Na, 1.8 samples was performed
as described previously (Choi et al., 2006). Briefly, proteins were trans-
ferred to nitrocellulose for 2 h at 30 V using the XCell IT system (Invitro-
gen) and blocked overnight in 5% nonfat milk. The membrane was
washed in TBST (Tris-buffered saline plus 0.2% Tween 20) five times for
10 min each after primary and secondary antibody incubations. Chemi-
luminescent detection was performed using Lightening Plus
(PerkinElmer, Boston, MA) and detected on Hyperfilm ECL (Amer-
sham). Gels for autoradiography were first stained by Coomassie blue
and destained to compare loading levels of fusion proteins tested in the
kinase assays.

Electroporation of Na, 1.8 channels into mouse Na, 1.8~ DRG neurons.
DRG neurons from Na,1.8-null mice (Na 1.8 ~/~ on C57BL/6 genetic
background) (Akopian et al., 1999) were transfected with Na,1.8 or its
mutant derivatives S551A, S556A, and the double mutant S551-556A
using the Nucleofector system (Amaxa, Gaithersburg, MD) as described
previously (Choi et al., 2006). Briefly, adult Na, 1.8-null mice were deeply
anesthetized and decapitated, and 10 pairs of DRG were quickly removed
and desheathed in sterile calcium- and magnesium-free HBSS, pH 7.2.
The tissue was treated at 37°C for 50 min with dispase (5 mg/ml; Roche),
collagenase A (2 mg/ml; Roche), and DNase I (0.1 mg/ml; Roche) in
HBSS, and triturated in culture media (DMEM supplemented with Glu-
taMax I, 10% FCS, 2 mum L-glutamine, 16.5 mm NaHCO;, 6 g/L glucose,
100 U/ml penicillin, and 0.1 mg/ml streptomycin). Cells were centri-
fuged for 5 min at 80 X g, and the pellet was resuspended in 100 ul of rat
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neuron Nucleofector solution (VPG-1003; Amaxa) to a final concentra-
tion of 10* cells/ul (neurons and non-neuronal cells). Wild-type (WT)
Na, 1.8 or mutant plasmids (10 ug) and 2 ug of EGFP (enhanced green
fluorescent protein) DNA (Clontech, Palo Alto, CA) were mixed with
DRG cell suspension. Cells were electroporated using the preset program
0-003, allowed to recover in Ca*" -free DRG media for 10 min at 37°C in
a humidified 95% air-5% CO, incubator, and plated on poly-L-
ornithine-laminin-coated glass coverslips. The cells were flooded with
DRG medium after 1 h and returned to the incubator. Using these meth-
ods, we routinely obtain transfection efficiencies of 15-20%.

Electrophysiological recordings. Whole-cell patch-clamp recordings of
sodium currents were performed 2434 h after plating of native rat DRG
neurons, or 24—52 h after plating of transfected Na 1.8 ~/~ mouse DRG
neurons. Almost all of the transfected mouse DRG neurons (99%) that
expressed green fluorescent protein (GFP) also expressed slowly inacti-
vating TTX-R sodium currents. Because slowly inactivating TTX-R cur-
rents are not observed in untransfected Na 1.8 ’~ neurons or
Na,1.8 =/~ neurons transfected with GFP alone (Cummins et al., 2001;
Herzog et al., 2003; Rush et al., 2005a; Choi et al., 2006), this confirmed
that most of the transfected cells that displayed green fluorescence also
had been cotransfected successfully with the recombinant Na 1.8 chan-
nel constructs.

Conventional whole-cell patch-clamp recordings were made from
small DRG neurons (=25 um diameter), using Axopatch 200B amplifi-
ers (Molecular Devices). For currents >20 nA, we used a 50 M{) feedback
resistor (3 of 0.1), which can pass up to 200 nA. Micropipettes (0.6—0.9
MQ) were pulled from capillary glass (PG10165-4; WPI, Sarasota, FL)
with a Flaming Brown P80 micropipette puller (Sutter Instruments, No-
vato, CA). The pipette solution contained the following (in mm): 140
CsF, 1 EGTA, 10 NaCl, and 10 HEPES, pH 7.3 (osmolarity was adjusted
to 310 mOsm/L with sucrose, and pH was adjusted by CsOH). The Na *
bath solution contained the following (in mm): 70 NaCl, 70 choline-Cl, 3
KCl, 1 MgCl,, 1 CaCl,, 10 glucose, and 10 HEPES, pH 7.3 (osmolarity
was adjusted to 320 mOsm/L with sucrose, and pH was adjusted by
NaOH). To isolate TTX-R currents, 20 mm TEA-C, 0.1 mm CdClL,, and
300 nm TTX were included in the bath solution to inhibit endogenous
K%, Ca?", and TTX-sensitive Na ™ currents, respectively. The fluoride-
based pipette solution was used in these studies to facilitate the separa-
tion of Na, 1.8 slowly inactivating TTX-R current from the Na,1.9 per-
sistent TTX-R current (Cummins et al., 1999; Rush et al., 2005b; Choi et
al,, 2006). It is important to note that activation and steady-state inacti-
vation properties of Na, 1.8 are not altered in fluoride-based or chloride-
based pipette solutions (Saab et al., 2003; Coste et al., 2004). Pipette
potential was zeroed before seal formation and voltages were not cor-
rected for liquid junction potential. Whole-cell Na* currents were fil-
tered at 5 kHz and acquired at 50 kHz, using Clampex 8.2 software
(Molecular Devices). Capacity transients were cancelled and series resis-
tance (1.1 = 0.1 MQ; n = 231) was compensated (90-95%) in all exper-
iments. All experiments were performed at room temperature
(21-25°C).

Electrophysiological protocols and data analysis. For voltage-clamp
studies, wild-type DRG neurons were held at =70 mV, and recording was
started 10 min after establishing whole-cell configuration to allow cur-
rents to stabilize, and to minimize the contamination of residual persis-
tent TTX-R Na,1.9 currents (Cummins et al., 1999; Choi et al., 2006).
Cells with a leakage current that was >500 pA were discarded. Leakage
current was digitally subtracted on-line using hyperpolarizing control
pulses, applied after the test pulse (P/N subtraction). Data were analyzed
using Clampfit 8.2 software (Molecular Devices) and Origin 7.5 (Micro-
cal Software, Northampton, MA).

A stock solution of anisomycin (Sigma) was prepared in DMSO and
added to the recording chamber to produce a final concentration of 10
pg/ml anisomycin in 0.1% DMSO. SB203580 and SB202474 were dis-
solved in distilled water and used at a final concentration of 10 um. All
chemicals for p38 activation and inactivation were purchased from Cal-
biochem. To activate p38, cultured native DRG neurons were treated
with 10 ug/ml anisomycin for 30 min. Medium was then replaced with
the bath solution without the drug, and electrophysiological recordings
were performed during a 30 min interval after the withdrawal of aniso-
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Figure1. Native Na,1.8 sodium channels are colocalized and phosphorylated by p38 MAPK. A, CFA injection induces activated

p38 in DRG neurons. Two days after CFA injection into the hindpaw, activated (phosphorylated) p38 immunolabeling (red) is
exhibited predominantly in ipsilateral (right) compared with contralateral (left) DRG neurons. Peripherin (green) labels small-
diameter neurons that project unmyelinated fibers. Colocalization of phosphorylated p38 and peripherin appears yellow. Scale
bar, 50 wm. B, Na,1.8 (green) and phospho-p38 (red) immunolabeling in DRG neurons. The merged image demonstrates
colocalization of Na,1.8 and phospho-p38 (yellow) in a subset of small- to medium-size DRG neurons. Scale bar, 50 wm. C,
Phosphorylated p38 and Na, 1.8 colocalization in anisomycin-treated DRG neurons. Phosphorylated p38 (red) and Na, 1.8 (green)
colocalization (yellow) is displayed in some DRG neurons, whereas other neurons exhibit only phosphorylated p38 or Na,1.8
immunolabeling. D, Native Na, 1.8 is phosphorylated by activated p38. Lane 1of the Western (left panel) and the ARG (right panel)
shows that no protein product was immunoprecipitated nor phosphorylated by the control IgG antibody. Lanes 2 and 3 of the
Western blot demonstrate that equal levels of immunoprecipitated Na, 1.8 channel were used in the kinase assay. Lanes 2 and 3
of the ARG demonstrate that p38 phosphorylation of the Na, 1.8 immunoprecipitated product (double-headed arrow) is only
observed in the absence of the specific p38 inhibitor (S8203580; 10 rum).
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mycin. In experiments using the p38 inhibitor
SB203580 or the inactive analog SB202474, cells
were treated with 10 um of the drug for 60 min
preceding the recordings. In the experiments
that included anisomycin and p38 inhibitors,
cells were treated for 30 min with SB203580 or
SB202474 and then 30 min with anisomycin in
the continued presence of the inhibitor before
starting the recording of sodium currents. Max-
imal peak currents were measured in native and
transfected DRG neurons under control condi-
tions or after the various treatments. We have
reported the peak current density to compen-
sate for variations in cell sizes as reflected in
their measured capacitance.

Statistics. The F statistic associated with
ANOVA was used to test the null hypothesis of
no differences between experimental condi-
tions, and a post hoc Tukey’s test was conducted
to examine significance at an « level of 0.05 in
multigroup comparisons. Student’s ¢ test was
used to examine significance between two
groups. Descriptive data are presented as the
mean * SD for the biochemistry, and mean =
SE for the electrophysiology, experiments. The
ANOVA and post hoc analyses and Student’s ¢
test were conducted using SPSS 12.0 or Origin
7.5 (Microcal).

Results

Sodium channel Na 1.8 and p38 MAPK
colocalize in DRG neurons

Na,1.8 is the main contributor to the in-
ward sodium current in DRG neurons
(Renganathan et al., 2001; Blair and Bean,
2002); thus, acute or chronic modulation
of this channel could significantly influ-
ence DRG neuron excitability. The p38
MAPK has been shown to be activated in
DRG neurons after inflammation or nerve
injury (Ji et al., 2002; Obata et al,
2004a,b,c). Because previous studies have
reported that the dominant nodal sodium
channel Na, 1.6 is a substrate of p38 (Witt-
mack et al., 2005) and that the TTX-R cur-
rent in DRG neurons is modulated by p38
(Jin and Gereau, 2006), we hypothesized
that Na, 1.8 channels are substrates for ac-
tivated p38.

We investigated whether Na,1.8 and
activated (phosphorylated) p38 are colo-
calized in DRG neurons. We first exam-
ined the activation of p38 in DRG neurons
after CFA-induced inflammation of rat
hindpaw (Fig. 1). Activated p38 was de-
tected in ipsilateral small diameter,
peripherin-positive, DRG neurons (Fig.
1 A, right, yellow), and in medium-sized,
peripherin-negative, DRG neurons (Fig.
1 A, right, red). Peripherin is used in these
studies as a marker for unmyelinated no-
ciceptor primary afferents (Goldstein et
al.,, 1991; Potrebic et al., 2003), which have
been shown to express Na, 1.8 (Rush et al.,
2005b; Stirling et al., 2005). We then asked
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whether Na, 1.8 and phospho-p38 are colocalized in DRG neu-
rons. Na,1.8-specific immunolabeling (green) colocalized (yel-
low) with immunolabeling of activated p38 (red) in adult rat
small- and medium-diameter DRG neurons (Fig. 1 B). The colo-
calization of the two proteins suggests that p38 could contribute
to the regulation of Na, 1.8 current density and/or gating proper-
ties when activated in nociceptive neurons after stress or injury.

To determine the extent of colocalization of Na,1.8 and
phospho-p38 under the experimental conditions that we used in
this study, cultured DRG neurons that had been treated with
anisomycin for 30 min were labeled with phosphorylated p38 and
Na,1.8 antibodies (Fig. 1C). Almost 62% of neurons in culture
were immunolabeled by the Na, 1.8 antibody (74 of 120 neurons),
with approximately one-half of these neurons also displaying
phosphorylated p38 immunolabeling (38 of 74). Thus, the effect
of activation of p38 on Na,1.8 TTX-R current is expected to be
diluted by inclusion in the analysis of current density measure-
ments from a subpopulation of neurons that do not produce
phosphorylated p38.

Native Na, 1.8 sodium channel is phosphorylated by p38

MAP kinase

To determine whether full-length Na,1.8 channel is a substrate
for p38 MAP kinase, native Na,1.8 channels from DRG were
immunoprecipitated using a Na,1.8-specific polyclonal anti-
body, and the IP complex was incubated with activated p38 (Fig.
1D). A control IgG antibody was used to validate the specificity of
the IP reaction and kinase assay. Pan-sodium channel antibody
cross-reacted with a protein of the expected molecular weight of
Na,1.8 in the Na,1.8-specific IP protein complex (Fig. 1D, left).
The absence of a protein cross-reacting with the pan-sodium
channel antibody in the control IP sample supports the specificity
of the anti-Na, 1.8 channel antibody used in this assay (Fig. 1D,
left; supplemental Fig. 1, available at www.jneurosci.org as sup-
plemental material). Control and Na,1.8 IP complexes were in-
cubated with recombinant activated p38 and [y->*P]ATP in the
presence (10 M, final concentration) or absence of an active
p38-specific inhibitor (SB203580). Equivalent samples of the
Na, 1.8 IP complex were used (confirmed by similar immunola-
beled bands on the Western blot) in the kinase assay. The auto-
radiogram (ARG) in Figure 1D, right, is consistent with native
Na,1.8 being a substrate for p38. Including the specific p38 in-
hibitor (SB203580) in the reaction mixture prevented Na,1.8
phosphorylation, further supporting the conclusion that phos-
phorylation is mediated by p38 and not by other kinases that
might have coimmunoprecipitated with the channel.

Anisomycin, a p38 activator, modulates Na, 1.8 sodium
channel current density in DRG neurons

To investigate whether p38 modulates Na,1.8 currents, we
treated DRG neurons with anisomycin, a cell-permeable antibi-
otic routinely applied to activate p38 (Cano and Mahadevan,
1995; Ogawa et al., 2004; Wittmack et al., 2005). Native DRG
neurons in culture for 24 h were treated with anisomycin (10
pg/ml) or vehicle (0.1% DMSO) for 30 min before Na, 1.8 TTX-R
sodium currents were measured (Fig. 2). As shown in Figure 2 A,
peak current density of Na, 1.8 (667.3 = 74.4 pA/pF; n = 16) was
significantly increased after treatment of DRG neurons with ani-
somycin (893.4 * 66.8 pA/pF; n = 16; p < 0.05). However, the
time constants for activation and inactivation kinetics of Na, 1.8
in treated DRG neurons obtained by fitting the data with a mono-
exponential function were not changed at any voltage [for exam-
ple, 7 was 1.64 * 0.14 ms (activation) and 19.38 *= 2.24 ms
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Figure2.  Anisomycin increases peak current density of Na, 1.8 in native rat DRG neurons. 4,
Representative families of current traces that were recorded in the presence of 0.3 um TTX are
shown, in which cells were depolarized to a variety of potentials (—50 to +40 mV) from a
holding potential of —70 mV to elicit Na, 1.8 sodium current. Cells were treated with vehicle
(DMSO; control) or anisomycin (10 rg/ml) for 30 min before recording. B, Mean normalized /-
curves for Na,1.8 currents pretreated with vehide (CJ; V,,, = —20.28 = 0.26 mV; k =
5.28 = 0.18; n = 12) or anisomycin (@; V/,, = —19.42 = 0.46 mV; k = 5.04 = 0.32;n =
9) for 30 min revealed an identical voltage dependence of activation. C, Best-fit curves of
steady-state fast inactivation were generated by Boltzmann distribution equation: vehicle (CJ;
n=29V,= —3354 % 065mV; k = 4.86 = 0.25); anisomycin (@; n = & V,,, =
—35.16 = 0.73mV; k = 5.10 == 0.27). Error bars indicate SE.

(inactivation) at —10 mV for vehicle-treated neurons (n = 12); T
was 1.70 * 0.24 ms (activation) and 18.58 * 1.90 ms (inactiva-
tion) at —10 mV for anisomycin-treated neurons (n = 9)].
Therefore, the apparent increase in late current at the end of the
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Figure 3.  The specific p38 MAPK inhibitor SB203580 blocks anisomycin-mediated increase in Na, 1.8 current density. 4, Rep-

resentative families of current traces that were recorded in the presence of 0.3 m TTX are shown, in which cells were depolarized
toavariety of potentials (—50 to +40 mV) from a holding potential of —70 mV to elicit Na, 1.8 sodium current. Cells were treated
with anisomycin (10 g/ml) for 30 min, the specific p38 MAP kinase inhibitor $8203580 (10 wm) for 30 min followed by
cotreatment with anisomycin for 30 min, or the inactive analog SB202474 (10 um) for 30 min followed by cotreatment with
anisomycin for 30 min. B, The increase in peak current density of Na, 1.8 induced by anisomycin treatment is blocked by treatment

with SB203580 but not by the inactive analog SB202474. *p << 0.05. Error bars indicate SE.

40 ms pulse reflects an increase in the peak current amplitude and
not a change in kinetics of inactivation.

We also examined the effects of anisomycin treatment on volt-
age dependence of activation and steady-state fast inactivation of
Na,1.8 (Fig. 2B,C). Na,1.8 TTX-R currents have been shown to
undergo steady-state fast inactivation and slow inactivation de-
pending on the stimulus duration (Ogata and Tatebayashi, 1993;
Rush et al., 1998; Blair and Bean, 2003; Choi et al., 2007); fast
inactivation occurs when the stimulus is applied in short pulses of
tens of milliseconds, whereas slow inactivation occurs when a
stimulus is applied for longer duration (seconds), or when a train
of pulses is applied. Because we have used shorter prepulses (500
ms), the remaining amplitude indicates available current from
steady-state fast-inactivated channels.

The voltage-dependent activation of the channel (V,,=
—20.28 = 0.26 mV; slope k = 5.28 = 0.18 mV; n = 12) (Fig. 2B)
under control conditions (vehicle) were not significantly differ-
ent after treatment of DRG neurons with anisomycin: (V,,, =
~19.42 + 0.46 mV; k = 5.04 = 0.32 mV; n = 9) (Fig. 2B). For
steady-state fast inactivation, we determined the channel avail-
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ability after 500 ms prepulses at various
potentials (Fig. 2C). The V;,, of voltage
dependence of fast inactivation was
—33.54 = 0.65 mV (n = 9) using vehicle
alone, and —35.16 = 0.73 mV (n = 8)
after anisomycin treatment. Compared
with vehicle alone, the voltage-dependent
activation and steady-state fast inactiva-
tion of Na,1.8 current after anisomycin
treatment of DRG neurons were not sig-
nificantly different.

The p38 inhibitor SB203580 prevents
anisomycin-induced increase in Na 1.8
current density in DRG neurons

To determine whether the increase in
Na,1.8 current density after anisomycin
treatment is caused specifically by p38 ac-
tivity, DRG neurons were preincubated
with the p38-specific inhibitor SB203580,
or the inactive analog SB202474 as a neg-
ative control, for 30 min before anisomy-
cin treatment (Fig. 3A). Sixty minute
treatment of overnight cultures of DRG
neurons with SB202474 or SB203580 did
not significantly change the current den-
sity of native Na,1.8 (SB202474, 649.9 *
94.8 pA/pF, n = 32; SB203580, 626.8 *
78.9 pA/pE, n = 31), suggesting that p38 is
notactivated before anisomycin treatment
of these cultures. Pretreatment of sister
cultures with the inactive analog
SB202474 for 30 min followed by a 30 min
cotreatment with anisomycin increased
the current density of Na,1.8 (826.5 =
77.0 pA/pF; n = 30), similar to that for
Na,1.8 current density observed with ani-
somycin treatment alone (911.8 = 57.0
pA/pF; n = 30). In contrast, pretreatment
of DRG neurons with SB203580 for 30
min followed by cotreatment with aniso-
mycin (Fig. 3B) blocked the increase in
Na,1.8 current density (586.6 = 78.8 pA/
pE; n = 30; p < 0.05). Together with the data in Figure 1, these
observations favor the hypothesis that anisomycin-induced in-
crease of native Na, 1.8 current density results from p38 phos-
phorylation of the channel.

Na,1.8 L1, the cytoplasmic loop joining domains I and II, is
phosphorylated by p38

The schematic diagram in Figure 4A illustrates the structural
topology common to all eukaryotic sodium channels (Catterall,
2000). Potential p38 phosphorylation sites (i.e., proline-directed
serine, SP dipeptide) are present within several major cytoplas-
mic regions of Na, 1.8 sodium channel (N and C termini, L1 and
L2). These channel regions were produced and purified as
6 X His-tagged fusion proteins as described in Materials and
Methods. Purified fusion proteins (shown in Fig. 4 B, top) were
incubated with recombinant activated p38 in the presence of
[y-?*P]ATP to determine whether they are substrates for this
enzyme. The autoradiogram in Figure 4 B of the reaction prod-
ucts shows that L1 is the only p38 substrate. Quantification of the
phosphorylation products by Cerenkov counting (Fig. 4C) shows
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Figure4. Na,1.8L1is phosphorylated by p38 MAPK. 4, Schematic diagram illustrating the
cytoplasmic fragments (N, 14 kDa; L1, 27 kDa; L2, 27 kDa; L3, 6 kDa; C terminus, 24 kDa) that
were expressed in bacteria as 6 X His-tagged fusion proteins and tested as substrates for p38. B,
Autoradiogram illustrating that the L1 fusion protein was the only P-labeled substrate phos-
phorylated by p38 (see Materials and Methods). The relative levels of each fusion protein
present in the kinase assay can be seen in the top panel as stained by Coomassie blue. €,
Quantitative measurements of phosphorylation as assessed using the P81 filter assay and Cer-
enkov counting (n = 4; mean = SD).

~10-fold more **P incorporation into L1 (19,972 * 661 cpm)
compared with the other channel fragments: N terminus (2126 =
149 cpm), L2 (2369 = 278 cpm), L3 (2694 = 510 cpm), and C
terminus (490 £ 190 cpm); the counts from the substrates other
than L1 are considered background levels because L3 carries no
putative p38 phosphorylation sites.

L1 is phosphorylated by p38 at two serine residues
A survey of the L1 primary sequence revealed that there are four
putative p38 phospho-acceptor sites (SP dipeptide) (Fig. 5A). To
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Figure 5.  Identification of the p38 phosphorylation sites in L1 of Na,1.8. Deletion analysis

and site-directed mutagenesis were used to identify the specific proline-directed serine resi-
dues required for p38 phosphorylation of L1. 4, Amino acid sequence of the L1 region linking
domains | and Il shows four potential p38 phosphorylation sites (i.e., proline-directed serine or
SP dipeptide; red lettering). B, Schematic diagram illustrating L1 (amino acids 400 —659),
L1-trunc (amino acids 400 —516), L1-proximal (site-specific mutagenesis of S447 and S475 to
alanine), and L1-distal (deletion of amino acids 551-558) that were expressed in bacteria as
6 < His-tagged fusion proteins and used as substrates for p38 kinase assays. €, Autoradiogram
illustrating that L1-trunc (deleting amino acids 517—-659 in L1) is a poor substrate for p38
phosphorylation compared with L1 (right ARG). The relative level of each fusion protein used in
the kinase assay is shown by Coomassie blue staining (left gel). Incorporation of 32P is deter-
mined as Cerenkov counts after p38 phosphorylation of L1 and L1-trunc ( *p << 0.01;n = 4;
mean = SD). D, Autoradiogramillustrating that deleting amino acids 551-558in L1 (L1-distal)
disrupt p38 phosphorylation compared with L1 and mutation of the proximal proline-directed
serine residues at 447 and 475 (right ARG). The relative level of each fusion protein in the kinase
assay is shown by Coomassie blue staining (left gel). Incorporation of 3P is determined as
Cerenkov counts after p38 phosphorylation of L1, L1-proximal, and L1-distal ( *p << 0.01;n =
4; mean = SD).
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identify the phospho-acceptor amino acid(s) in L1 (amino acids
400-659), we first constructed a truncation mutant in L1 by
inserting a stop codon after residue 516 to separate the SP dipep-
tides in L1 into proximal and distal groups (Fig. 5B). The new
construct, termed L1-trunc, spanned amino acids 400—516 of L1.
Although L1-trunc contains consensus p38 phosphorylation sites
at S447 and S475, this fusion protein was a poor substrate for
activated p38, because no radioactive signal could be detected on
the autoradiogram compared with full-length L1 (Fig. 5C); **P
incorporation was measured by Cerenkov counts and confirmed
the data from autoradiography: L1 (16,235 * 358 cpm) com-
pared with L1-trunc (2669 = 91 cpm) (Fig. 5C, histogram).

To test whether L1 is phosphorylated by p38 at the distal SP
dipeptides, S551 and S556, a new fusion protein designated L1-
distal was constructed, which deletes amino acids 551-558 (Fig.
5B). Although Coomassie blue staining of gels suggests equal
loadings of the fusion proteins (Fig. 5D, top left), the autoradio-
gram (Fig. 5D, ARG, top right) and Cerenkov counting [L1
(18,030 = 1891 cpm); L1-distal (1759 * 63 cpm)] (Fig. 5D, his-
togram) demonstrate that deleting amino acids 551-558 renders
L1 a poor p38 substrate.

The deletion analysis described above strongly suggests that
the distal S551 and S556 are the primary p38 phosphorylation
site(s) in L1. However, to eliminate the possibility that truncation
of L1 or deletion of 551-558 residues could remove the docking
site for p38 or alter conformation of L1 to inhibit the phosphor-
ylation of proximal SP sites, we substituted S447 and S475 by
alanine in full-length L1 (Fig. 5B) and tested the new fusion pro-
tein (L1-proximal) as a substrate for activated p38 (Fig. 5D).
Coomassie blue staining (Fig. 5D, left) shows that equivalent lev-
els of L1, L1-proximal, and L1-distal fusion proteins were used in
the kinase assay. The S447A—-S475A substitutions in L1-proximal
did not impair phosphorylation of this protein as shown by the
autoradiogram (Fig. 5D, right) and by Cerenkov counts (Fig. 5D,
histogram) (L1, 18,030 = 1891 cpm; L1-proximal, 22,575 = 782
cpm). The difference in phosphorylation observed between L1-
proximal and L1 is possibly caused by small differences in the
level of proteins that were used as substrates, or by L1-proximal
being a better substrate for p38 in our assays.

p38 phosphorylates L1 at serine 551 and 556

The L1-distal protein is missing an 8 aa sequence containing two
SP dipeptides between amino acid positions 551 and 557. The fact
that the L1-distal fusion protein was not phosphorylated impli-
cates S551 and S556 as the p38 phosphorylation site(s). To deter-
mine the relative contribution of these sites to the p38 phosphor-
ylation of L1, S551 and S556 were substituted by alanine both
individually and collectively (Fig. 6A). Comparison of wild-type
L1 (33,772 = 617 cpm) to individually substituted L1/S551A
(14,601 £ 235 cpm), S556A (16,176 = 604 cpm), as well as the
L1/S551A-S556A double mutant (2552 * 139 cpm), shows that
both S551 and S556 contribute equally to the total phosphoryla-
tion of L1, whereas the double mutant becomes a poor substrate
for p38 (Fig. 6 B,C). The Coomassie blue staining profile shows
that equal amounts of L1 and its mutant derivatives were used in
the kinase assay (Fig. 6B, top), supporting the conclusion that
S§551 and S556 contribute equally to the total p38 phosphoryla-
tion of L1. Together, our biochemical data strongly suggest that
activated p38 phosphorylates Na, 1.8 on two specific serine resi-
dues, S551 and S556, in L1.
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Figure 6. 5551 and S556 contribute equally to the p38 phosphorylation of L1 of Na,1.8.

Site-directed mutagenesis of 551 and $556 (single and double mutants) was used to examine
their relative contribution to p38 phosphorylation of L1. 4, Schematic diagram illustrating L1
(amino acids 400 - 659), L1-S551A (serine 551 mutated to alanine), L1-S556A (serine 556
mutated toalanine), and L1-S551A/S556A (serine 551 and serine 556 mutated to alanines) that
were expressed in bacteria as 6 X His-tagged fusion proteins and used as substrates for p38. B,
Autoradiogram illustrating that S551 and 556 both contribute to the p38 phosphorylation of
L1 (bottom ARG). The relative levels of each fusion protein used in the kinase assay visualized by
Coomassie blue (top gel). ¢, Cerenkov counts of p38 phosphorylation demonstrate that single-
and double-mutant substrates are significantly less phosphorylated compared with WT ( *p <
0.01;n = 4; mean = SD).

S551A or S556A substitution disrupts p38 modulation of

Na, 1.8 current density within DRG neurons

To test the effects of S551A and S556A substitutions, we exam-
ined p38-mediated modulation of the current density of Na, 1.8/
$551A-S556A in Na,1.8 ’/~ DRG neurons. Na 1.8/~ knock-
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out mice do not produce any Na,1.8
current (Akopian et al., 1999; Cummins et
al., 1999), and their DRG neurons there-
fore provide an optimal neuronal back-
ground in which it is possible to test mod-
ulation of Na, 1.8 channels in their native
environment.

It is not unreasonable to suspect that
transfection of DRG neurons might in-
voke a stress response including p38 acti-
vation. Therefore, we first examined the
current density of Na, 1.8 after anisomycin
treatment of Nav1.8 ~/~ mouse DRG neu-
rons transfected with wild-type channels.
The current density of WT Na, 1.8 was not
significantly different with (780.3 = 119.5
pA/pF; n = 25) or without (670.5 * 96.7
pA/pF; n = 23) treatment with
anisomycin.

One explanation for the lack of a robust
anisomycin effect would be that p38 was
already activated in transfected DRG neu-
rons. We tested this hypothesis by investi-
gating the presence of activated p38 in
Na,1.8 ™'~ neurons in culture for 24 h,
with or without treatment with anisomycin. Figure 7A, top pan-
els, shows a weak immunofluorescence signal in untransfected
cells using an antibody that is specific for activated p38 (left),
whereas an enhanced signal is observed in DRG neurons that
were treated with anisomycin (right). This result is in agreement
with the functional data using rat DRG cultures (Figs. 2, 3). How-
ever, transfection of Na,1.8 =~ DRG neurons by electroporation
(Fig. 7A, bottom panels) induces activation of p38 without treat-
ment with anisomycin (left). Activated p38 is present in cells with
or without green fluorescence, indicating that transfection per se
was sufficient to activate p38 under these experimental condi-
tions. Thus, the activation of p38 by electroporation of DRG
neurons might explain the lack of an effect of anisomycin treat-
ment on the peak Na, 1.8 current density in transfected neurons.
Indeed, pretreatment of transfected DRG neurons by the p38
specific inhibitor SB203580 significantly reduced the current
density of WT Na, 1.8 in Na,1.8 '~ mouse DRG neurons, com-
pared with the inactive analog SB202474 (Fig. 7B) (SB203580,
485.9 = 71.2 pA/pF, n = 36; vs SB202474, 710.3 = 80.7 pA/pF,
n = 36; p < 0.05). Therefore, in contrast to primary cultured rat
DRG neurons, which required anisomycin treatment to activate
p38 (Figs. 2, 3), electroporation appears to be a potent activator of
p38 in transfected Na, 1.8 '~ DRG neurons.

To determine the contribution of p38 phosphorylation at
S551 and S556 of Na, 1.8 to the increase in current density, both
serine residues were substituted with alanine (i.e., S551A—-S556A)
and the mutant channel Na,1.8/S551A-S556A was transfected
into Na,1.8 '~ mouse DRG neurons. We compared the current
density for the Na,1.8/S551A-S556A channels in the presence of
either the active (SB203580) or inactive (SB202474) inhibitor of
p38, and found that, unlike WT Na,1.8 (Fig. 7B), there was no
significant difference ( p > 0.05) (Fig. 7C) in the current density
of Na,1.8/S551A-S556A: SB203580 (416.3 = 60.0 pA/pF; n = 26)
compared with SB202474 (457.3 = 51.3 pA/pF; n = 23). We also
examined the effects of p38 specific inhibitor treatment on acti-
vation and steady-state inactivation of Na,1.8/S551A-S556A.
The V,,, for voltage-dependent activation of Na,1.8/S551A—
S556A was —19.95 *+ 1.58 mV (n = 18) in SB202474-treated, and
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Phosphorylation of S551 and $556 in L1 of Na, 1.8 by p38 mediates the increase in current density. A, Top panels,
Untransfected Na, 1.8 ~/~ DRGneurons in culture for 24 h do not exhibit activated (phosphorylated) p38immunolabeling, butan
enhanced immunolabeling signal (red) from activated p38 is displayed by DRG neurons after the treatment with anisomycin. A,
Bottom panels, transfected Na, 1.8 ~/~ DRGneuronsin culture for 24 h exhibit activated p38 immunolabeling (red) both with and
without anisomycin treatment. Scale bar, 50 wm. B, The current density of WT Na, 1.8 n transfected Na, 1.8 '~ DRG neurons was
significantly (*p << 0.05) smaller after treatment with SB203580 compared with SB202474. C, Peak current density of Na, 1.8/
$551-556A did not show significant reduction with SB203580 treatment compared with SB202474. Error bars indicate SE.

—20.61 *= 1.80 mV (n = 17) in SB203580-treated, transfected
DRG neurons. For channel availability, the V,, of voltage depen-
dence of steady-state inactivation of Na,1.8/S551A-S556A was
—36.76 £ 0.94mV (n = 15) in SB202474-treated, and —37.52 *=
0.89 mV (n = 12) in SB203580-treated, transfected DRG neu-
rons. Neither the voltage-dependent activation nor steady-state
inactivation of Na, 1.8/S551A—S556A channels after SB203580 or
SB202474 treatments were significantly different.

In separate experiments, we tested the individual roles of S551
and S556 phosphorylation in p38-mediated modulation of
Na,1.8 in transfected Na,1.8 '~ DRG neurons. Similar to the
experiments described above, we compared the current densities
for the Na,1.8/S551A and Na,1.8/S556A channels in transfected
Na,1.8 '~ DRG neurons after inhibiting p38. The peak current
densities for Na,1.8/S551A after treatment with the inactive an-
alog SB202474 (238 = 75 pA/pF; n = 20), or the active inhibitor
SB203580 (201 = 43 pA/pF; n = 18), are not significantly differ-
ent (p > 0.05). Similarly, peak current densities for Na,1.8/
S556A after treatment with the inactive analog SB202474 (477 =
124 pA/pF; n = 21), or the active inhibitor SB203580 (464 * 94
pA/pF; n = 24), are not significantly different (p > 0.05). The
voltage-dependent activation and steady-state inactivation of
Na,1.8/S551A and Na,1.8/S556A channels after SB203580 or
SB202474 treatments were not significantly different (data not
shown). These results show that a single substitution at either
S551A or S556A is sufficient to prevent the p38-mediated in-
crease in Na, 1.8 current density in DRG neurons.

Discussion

Sodium channel Na,1.8 is a key contributor to excitability and
repetitive firing of normal DRG neurons (Renganathan et al.,
2001; Blair and Bean, 2002), and to hyperexcitability of these
neurons in an inherited painful neuropathy (Rush et al., 2006).
We show here that Na, 1.8 is modulated by p38 MAPK phosphor-
ylation of $551 and S556 in L1 of the channel, leading to an
increase in the current density, but without altering gating prop-
erties of the channel. Our functional data demonstrate that,
within DRG neurons, the native cell background for Na, 1.8 chan-
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nels, substituting S551 or S556 to the non-phospho-acceptor
amino acid alanine abrogates p38 regulation of the channel. To-
gether, these data suggest that nociceptive neurons in which
Na,1.8 and p38 are coexpressed may produce a more robust re-
sponse to stimulation on activation of p38, for example after
exposure to proinflammatory agents (Sommer and Kress, 2004).

A relatively brief treatment with the protein synthesis inhibi-
tor anisomycin (30 min) is sufficient to activate p38 and cause a
change in the current density of sodium channels (Wittmack et
al., 2005; Jin and Gereau, 2006; this study). It is conceivable that
inhibition of protein synthesis, independent of p38 activation,
might contribute to the increase in the Na,1.8 current density
that we report here. However, a direct effect of activated p38 on
Na, 1.8 current density, independent of inhibition of protein syn-
thesis, is supported by the following observations: (1) available
data show that the anisomycin effect on Na 1.8 (Jin and Gereau,
2006; this study) and Na, 1.6 (Wittmack et al., 2005) is blocked by
the coapplication of the p38-specific inhibitor SB203580; (2)
transfection of DRG neurons by electroporation causes an in-
crease in the Na, 1.8 current density that is independent of aniso-
mycin treatment but is blocked by the p38-specific inhibitor
SB203580 (Fig. 7); (3) the increase in Na, 1.8 current density that
is caused by transfection of DRG neurons is blocked by the spe-
cific substitution of the p38 phospho-acceptor sites S551A or
S556A. In addition, consistent with our findings, the anisomycin
effect on gap junction intracellular communication is caused by
the phosphorylation of connexin 43 by activated p38 and is inde-
pendent of the inhibition of protein synthesis (Ogawa et al.,
2004). Together, these data strongly suggest that the increase in
Na, 1.8 current density is caused by a direct effect of p38 on the
channel.

What is the mechanism underlying the increase in Na,1.8
currents after p38 activation? Although p38 signaling is typically
associated with long-term changes in cell function because of its
role in regulating gene expression, our data favor the hypothesis
that p38 acutely regulates Na, 1.8 channel density at a posttran-
scriptional level. In support of this idea, previous reports have
shown that CFA-induced inflammation produced no change in
the level of Na,1.8 mRNA in DRG neurons (Okuse et al., 1997),
but there is an increase in the number of Na, 1.8-positive myelin-
ated and unmyelinated axons in sciatic nerve (Coggeshall et al.,
2004). These data favor the proposal that Na, 1.8 protein transla-
tion, turnover, and translocation to axons and nerve endings
might be regulated by inflammatory mediators via signaling
pathways that involve p38. By analogy to TRPV1 (Ji et al., 2002),
phosphorylation of Na, 1.8 by p38 might lead to transport of the
channels to the periphery under inflammatory conditions. These
findings are consistent with a localized mechanism for acute in-
flammatory pain that depends on the elevated Na,1.8 channel
protein levels along axons and in the nerve terminals in inflamed
skin, which could enhance the successful initiation of action po-
tentials and their propagation centrally.

Acute modulation of Na, 1.8 current density could be medi-
ated by binding of channel partners or by direct phosphorylation
of the channel. To date, an increase in Na, 1.8 current density has
been shown to occur after binding of annexin II (p11) to the N
terminus (Okuse et al., 2002), calmodulin binding to the C ter-
minus (Choi et al., 2006), and protein kinase A (PKA)/protein
kinase C (PKC) phosphorylation within L1 (Fitzgerald et al.,
1999; Vijayaragavan et al., 2004) of the channel. The pathways
leading to elevated levels of Na,1.8 at the plasma membrane by
the binding to p11, calmodulin, or after PKA/PKC phosphoryla-
tion are not well understood, but could encompass regulation of
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insertion or retention of these channels at the plasma membrane.
In our study, the p38-mediated increase in Na, 1.8 current density
was relatively rapid (<30 min of treatment with anisomycin), in
agreement with a similar finding using acute application of
TNF-a to DRG neurons in culture (Jin and Gereau, 2006). How-
ever, the potential for a p38-mediated alteration in single channel
conductance causing the increase in current density cannot be
discounted. Alternative mechanisms that might account for
phosphorylation-mediated increase in Na, 1.8 current density in-
clude the following: (1) stabilizing membrane-bound channels
[for example, by inhibiting removal of the channel from the
plasma membrane (Liu et al., 2005)] or (2) regulating the inser-
tion of a pool of “silent” channels into the plasma membrane.

We demonstrate in this study that the TTX-R Na, 1.8 channel
is phosphorylated by p38 at two serine residues at positions S551
and S$556 in L1 of the channel, and that substituting S551 or S556
individually to alanine residues abrogates the effect of p38 on rat
Na, 1.8 current density. Our data thus show, for the first time, that
the phosphorylation of two serine residues within this proline-
rich segment of L1 is necessary to mediate the effect of p38 on the
channel function. Importantly, we show that preventing phos-
phorylation of either site is sufficient to block this effect. PKA/
PKC phosphorylation of Na,1.8 occurs at multiple serine resi-
dues within L1 (5463, S487, 5499, S510, and S536) (Fitzgerald et
al., 1999; Vijayaragavan et al., 2004). Similarly, PKA and PKC
phosphorylation at several serine residues within L1 have previ-
ously been shown to cooperate in regulating Na, 1.2 and Na,1.7
(Cantrell and Catterall, 2001; Chahine et al., 2005). The voltage
dependence of activation and steady-state inactivation of Na,1.8
were not altered by p38 phosphorylation of the channel, unlike
the PKA-mediated increase in current density of Na,1.8 in COS
cells, which was associated with a shift in voltage dependence of
activation and slowing in the inactivation at hyperpolarized po-
tentials (Fitzgerald et al., 1999). These data strongly suggest that
p38 modulates Na, 1.8 channels in a manner distinct from that of
PKA.

The p38-mediated increase in Na,1.8 current density (this
study) and decrease in Na, 1.6 current density (Wittmack et al.,
2005) parallel the effect of PKA and PKC modulation of TTX-R
compared with TTX-S channels (Chahine et al., 2005), support-
ing the hypothesis that different isoforms of sodium channels
differ in their functional response to phosphorylation in L1. Ad-
ditionally, our in vitro data demonstrate that there is no prefer-
ential order of phosphorylation of S551 and S556, although it is
conceivable that alanine substitution itself disrupts the structure
of L1 to obscure such a mechanism. Whether the charge differ-
ential within a small region of the channel alters the local confor-
mation of L1, or whether the phosphorylation state of S551 or
§556 promotes or prevents the binding of accessory proteins,
remains to be determined.

Modulation of TTX-R currents, specifically the current pro-
duced by Na, 1.8 channels, by activated MAPKs (Jin and Gereau,
2006; this study) is likely to contribute to inflammatory, and
possibly neuropathic, pain. We have shown in this study that a
subset of small diameter DRG neurons, which are known to pro-
duce Na,1.8 (Fjell et al., 1999; Amaya et al., 2000; Sleeper et al.,
2000; Rush et al., 2005b), also produce activated p38 MAPK.
Given the central role of Na,1.8 in action potential firing (Ren-
ganathan et al., 2001; Blair and Bean, 2002), the increase in the
slowly inactivating TTX-R current density, which is mediated by
direct phosphorylation of Na,1.8 channels by p38 MAPK, can
increase DRG neuron excitability under pathological conditions.
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Our results thus add to the evidence for p38 MAPK as a thera-
peutic target in chronic pain.
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